INTRODUCTION
Ghrelin is an endogenous ligand of the growth hormone secretagogue receptor GHSR and stimulates growth hormone release 1 . Ghrelin also regulates food intake 2, 3 , induces adiposity 4, 5 , and influences energy metabolism 6, 7 .
Therefore, inhibition of ghrelin action could potentially ameliorate obesity in humans. Ghrelin is a 28-amino acid peptide present in two major forms that circulate in the body, octanoylated ghrelin and des-acyl ghrelin 8, 9 . Octanoylated ghrelin, which has an octanoyl modification at the serine-3 residue, exhibits orexigenic activity 10 14 , but des-acyl ghrelin, which has no acyl modification, either decreases food intake 15 or does not affect satiety 10, 16, 17 . Accordingly, suppression of octanoyl modification could inhibit the stimulatory effects of ghrelin on appetite. The
It has been reported that ingested medium-chain fatty acids are directly used for ghrelin acylation in mice 25 .
Moreover, some fatty acids are substrates for ghrelin acylation in human thyroid carcinoma cells 20 . These observations indicate that fatty acids other than octanoic acid could be GOAT substrates with potential inhibitory effects on ghrelin octanoylation. We previously established a ghrelin-expressing cell line, AGS-GHRL8, and have developed a cell-based assay system using these cells for identifying inhibitors of octanoylated ghrelin production 26 . Since the amount of octanoylated ghrelin secreted by AGS-GHRL8 cells increases in the presence of octanoic acid in the culture medium, addition of a test compound with octanoic acid to the culture medium would enable evaluation of the test compound s effect on ghrelin octanoylation. In our previous study using this cell-based assay system, we reported that heptanoic acid significantly suppressed octanoylated ghrelin production whereas butyric acid did not 26 .
There are many fatty acids, including acetic acid, stearic acid, oleic acid, linoleic acid, and α-linolenic acid, present in various foods and oils. Acetic acid is a fatty acid with a carbon number of two. Stearic acid is a saturated fatty acid with a carbon number of eighteen. Oleic acid, linoleic acid, and α-linolenic acid are unsaturated fatty acids with a carbon number of eighteen, and have one, two, and three double bonds, respectively Fig. 1 . The effects of these fatty acids on octanoylated ghrelin production are not known. In this study, we investigated whether these fatty acids suppress production of octanoylated ghrelin using our assay system consisting of AGS-GHRL8 cells. Our major findings were that stearic acid, oleic acid, linoleic acid and α-linolenic acid inhibited octanoylated ghrelin production in vitro; in an in vivo experiment, oleic acid treatment showed consistent effects in mice.
EXPERIMENTAL PROCEDURES

Materials
Dulbecco s modified Eagle s medium DMEM , RNAlater, Fast SYBR Green Master Mix, and TRIzol were purchased from Life Technologies Carlsbad, CA, USA . Octanoic acid, acetic acid, stearic acid, oleic acid, linoleic acid, α-linolenic acid, and 3-4,5-dimethylthiazol-2-yl -2,5-diphenyltetrazolium bromide MTT were purchased from Wako Osaka, Japan . An Active Ghrelin enzyme-linked immunosorbent assay ELISA kit and a Des-acyl Ghrelin ELISA kit were purchased from SCETI K.K. Tokyo, Japan , and ReverTra Ace was purchased from Toyobo Osaka, Japan .
Cell culture
The ghrelin-expressing cell line AGS-GHRL8 26 was cultured in DMEM containing 10 fetal bovine serum at 37 in a 5 CO 2 humidified atmosphere.
Measurement of cell viability by MTT assay
The MTT assay was based on a previously described method 27 . AGS-GHRL8 cells were seeded onto a 96-well plate at a density of 5 10 3 cells/well in 200 μL of DMEM.
After the cells were cultured for 24 h, the test compounds were added into the culture medium. After 24 h of culture, 50 μL of MTT 1 mg/mL in phosphate-buffered saline; PBS was added to each well and the cells were cultured for an additional 4 h. The resulting formazan was dissolved in 100 μL of dimethyl sulfoxide after aspiration of the culture medium. Optical density was read at 570 nm or 595 nm using a Multiskan FC Thermo Scientific, Yokohama, Japan or a Multimode Microplate Reader DTX880 Beckman Coulter, Tokyo, Japan .
2.4
Evaluation of the effects of the test compounds on octanoylated ghrelin production Evaluation of test compound effects on octanoylated ghrelin production was performed according to a previously described method 26 . Briefly, AGS-GHRL8 cells were seeded onto a 12-well plate at a density of 4 10 5 cells/well and cultured for 24 h in DMEM. After washing the AGS-GHRL8 cells with PBS twice, fresh DMEM containing octanoic acid, with or without test compounds, was added to each well. DMEM containing octanoic acid and test compounds was mixed by vortexing immediately before medium replacement. After 24 h, the medium was collected into microtubes and immediately mixed with 1/10 volume of 1 M HCl and stored at 80 until analysis. Concentrations of octanoylated ghrelin and des-acyl ghrelin were determined using an Active Ghrelin ELISA kit and a Des-acyl Ghrelin ELISA kit, respectively, according to the manufacturer s instructions.
2.5 Effects of oleic acid on octanoylated ghrelin serum concentration in mice Male C57BL/6J mice CLEA Japan, Tokyo, Japan weighing 20-25 g were individually housed under conditions of room temperature and light-dark cycle 12 h light and 12 h dark, light on/off: 7:00/19:00 . Mice were fed a standard diet, CE-2 CLEA Japan , and provided water ad libitum throughout the study until being anesthetized for sampling serum and stomach. Mice were assigned to either a control group n 4 or an oleic acid group n 4 after one week habituation. Ethyl oleate, which is converted to oleic acid by esterase 28, 29 , was suspended in a 5 gum arabic solution and administered orally at a dose of 300 mg/kg to mice in the oleic acid group using a feeding needle once per day for two weeks. Control group mice were only administered a 5 gum arabic solution over the same period. After 24 h of the final administration of ethyl oleate, serum and stomach tissue were sampled from all the mice, which were under anesthesia using pentobarbital. Collected serum was mixed with 1/10 volume 1 M HCl and stored at 80 until analysis of octanoylated ghrelin and des-acyl ghrelin concentration by respective ELISA kits. Stomach tissue was stored in RNAlater until total RNA extraction. This experiment was approved by the Research Ethics Committee of the Faculty of Pharmaceutical Sciences Nagasaki International University and was conducted in accordance with Ethical Guidelines for Animal Experiments of the Faculty of Pharmaceutical Sciences Nagasaki International University .
2.6 Quantitative real-time reverse transcriptase polymerase chain reaction Relative mRNA levels of mouse ghrelin in stomach tissue were evaluated using quantitative real-time RT-PCR qRT-PCR . Total RNA was extracted from each mouse stomach using TRIzol reagent. To prepare the standard curve, 1 μg of total RNA from mouse stomach tissue was reverse transcribed with ReverTra Ace, followed by the preparation of various cDNA dilutions. PCR was performed using an Applied Biosystems 7900HT Fast Real-Time PCR System
Life Technologies with a final reaction volume of 20 μL, consisting of 10 μL of 2 Fast SYBR Green PCR Master Mix, 0.4 pmol of primers, and 2 μL of diluted cDNA. The reaction mixture was then loaded onto a 386-well plate and subjected to an initial denaturation at 95 for 20 s, followed by 40 cycles of amplification at 95 1 s for denaturation, and 60 20 s for annealing and extension. Primers used for qRT-PCR were as follows: mouse ghrelin, sense: 5 -GAAGCCACCAGCTAAACTGC-3 and antisense: 5 -GCCATGCTGCTGATACTGAG-3 . Transcript amounts were estimated from the respective standard curves and normalized to 18S ribosomal RNA sense: 5 -GTAACCC-GTTGAACCCCATT-3 and antisense: 5 -CCATCCAATCGG-TAGTAGCG-3 .
Statistical analysis
Differences between groups were tested using a twosample t-test or Tukey s test for multiple comparisons. Data are presented as mean standard deviation SD . Differences were considered significant at p 0.05.
RESULTS
3.1 Effects of fatty acids on octanoylated ghrelin production in AGS-GHRL8 cells To determine the concentrations of test fatty acids acetic acid, stearic acid, oleic acid, linoleic acid, and α-linolenic acid for our analyses, we first evaluated the toxicity of each fatty acid on AGS-GHRL8 cells. AGS-GHRL8 cells were exposed to test fatty acids at concentrations ranging from 0 to 100 μM for 24 h. Stearic acid significantly decreased the viability of AGS-GHRL8 cells at a concentration of 100 μM, but other fatty acids displayed no toxicity in the concentration range examined Fig. 2A . Therefore, subsequent studies were performed using a fatty acid concentration of 50 μM of stearic acid and 50 and/or 100 μM of other fatty acids. Next, octanoylated ghrelin concentration in the culture medium was measured after addition of octanoic acid with or without each test fatty acid. In the octanoic acid-only group, the concentration of octanoylated ghrelin increased approximately tenfold compared with that of cells treated with vehicle only. Stearic acid, oleic acid, linoleic acid, and α-linolenic acid significantly suppressed octanoylated ghrelin production, which was increased by the addition of octanoic acid Fig.  2B , upper graph . Acetic acid did not suppress the increase of octanoylated ghrelin. The degree of the suppression afforded by oleic acid supplementation was almost 100 at a concentration of 100 μM, whereas those of stearic acid, linoleic acid, and α-linolenic acid were each approximately 50 . Des-acyl ghrelin concentrations in the culture medium were not different among the examined groups Fig. 2B , lower graph .
Effect of oleic acid on the serum concentration of oc-
tanoylated ghrelin in mice Since oleic acid strongly suppressed octanoylated ghrelin production in AGS-GHRL8 cells, we next investigated the in vivo effect of oleic acid supplementation. Ethyl oleate, which is converted to oleic acid by esterase in mice, was administered because oleic acid is easily oxidized. The serum concentration of octanoylated ghrelin in the oleic acid group was significantly lower than that in the control group 12.98 6.56 and 35.63 8.29 fmol/mL, respectively; Fig. 3A . In addition, the des-acyl ghrelin serum concentration in the oleic acid group was also significantly decreased compared with that in the control group 301.58 61.91 and 419.96 65.02 fmol/mL, respectively; Fig. 3B . The degrees of reduction in serum concentrations of octanoylated ghrelin and des-acyl ghrelin in the oleic acid group relative to that of the control group were 64 and 28 , respectively. There was no significant difference in stomach ghrelin gene expression between the two groups Fig. 3C . 
DISCUSSION
It is known that GOAT mediates ghrelin acylation and that certain fatty acids are substrates for the acylation reaction 20 . Therefore, we hypothesized that certain fatty acids could inhibit ghrelin octanoylation by competing with octanoic acid. We investigated the effects of fatty acids contained in food and oil on octanoylated ghrelin production using ghrelin-expressing AGS-GHRL8 cells. Acetic acid, stearic acid, oleic acid, linoleic acid, and α-linolenic acid were selected as the test fatty acids. This study demonstrated that stearic acid, oleic acid, linoleic acid, and α-linolenic acid significantly suppressed octanoylated ghrelin production, whereas acetic acid did not. It was reported that ghrelin acylated with acetic acid was not detected by mass spectrum analysis after cells expressing preproghrelin and GOAT were exposed to acetic acid 20 .
This suggests that acetic acid might not be an acylation substrate for GOAT. This is not inconsistent with our results. The previous report did not show whether stearic acid, oleic acid, linoleic acid, and α-linolenic acid were utilized for ghrelin acylation. There are three conceivable mechanisms for suppression of octanoylated ghrelin production by these fatty acids. The first is the competitive inhibition of acylation by GOAT between octanoic acid and these fatty acids. The existence of ghrelin acylated with such fatty acids must be demonstrated using immunoprecipitation and mass spectrometry analysis to confirm this mechanism. The second is the suppression of octanoylated ghrelin secretion regulated by signaling via G protein-coupled receptor 120 GPR120 and α-gustducin. GPR120, which functions mainly as a receptor for unsaturated longchain fatty acids 30 , could play a role in the lipid sensing cascade in ghrelin-producing cells 31 . The decrease in octanoylated ghrelin secretion after feeding is partially induced by long-chain fatty acids that act directly on gastric GPR120-expressing ghrelin cells 32 . In addition, it was reported that the G protein α-gustducin is also involved in ghrelin octanoylation 31 and that α-gustducin could couple GPR120 33 . In our study, stearic acid, oleic acid, linoleic acid, and α-linolenic acid could have suppressed the release of octanoylated ghrelin via GPR120 and/or α-gustducin-mediated mechanism. The third potential mechanism is the inhibition of synthesis of octanoylCoA, a primary substrate for GOAT 34 , by acyl-CoA synthetase. Acyl-CoA synthetases are classified based on the carbon chain length of their preferred acyl group. Octanoic acid C8 is the substrate for medium-chain acyl-CoA synthetase ACSM , and 18 carbon length fatty acids such as stearic acid, oleic acid, linoleic acid, and α-linolenic acid, are substrates for long-chain acyl-CoA synthetase 35, 36 .
Therefore, those long-chain fatty acids potentially could not compete with octanoic acid for the production of octanoyl-CoA by ACSM but could have modified ACSM gene expression. In this study, the suppression of octanoylated ghrelin production by oleic acid was dose-dependent, whereas those by linoleic acid and α-linolenic acid were not. Oleic acid might act on many more sites than linoleic acid and α-linolenic acid. In future studies, we will elucidate which mechanism is associated with the inhibitory effects of stearic acid, oleic acid, linoleic acid, and α-linolenic acid on octanylated ghrelin production. In our in vivo experiment, oleic acid administration decreased the serum concentrations of octanoylated ghrelin and des-acyl ghrelin in mice. These results suggest that the secretion of ghrelin from mouse stomach cells is suppressed by oleic acid. Accordingly, a GPR120-or α-gustducin-mediated mechanism could be involved in the reduction of serum concentration of octanoylated ghrelin by oleic acid. The des-acyl ghrelin concentration in the medium of AGS-GHRL8 cells did not change in vitro. Since AGS-GHRL8 is a stable ghrelin-expressing cell line produced by the transfection of a ghrelin-expressing vector, ghrelin is constitutively produced intracellularly. It was reported that the des-acyl ghrelin/acyl ghrelin ratio in blood is 9:1 9 . However, that ratio in the medium of AGS-GHRL8 cells was approximately 100:1. This excess of desacyl ghrelin production could mask the effect of oleic acid on ghrelin secretion. There was no significant difference in ghrelin mRNA levels in stomach tissue between the control and oleic acid groups, indicating that oleic acid reduced the serum concentration of octanoylated ghrelin by posttranslational processing. These results suggest that oleic acid could be an inhibitor of octanoylated ghrelin production and that our cell-based assay system using AGS-GHRL8 cells is a valuable tool for the screening of similar inhibitors. There has been no report of an inhibitory effect of oleic acid on octanoylated ghrelin production. Mediterranean diets rich in virgin olive oil are associated with decreased weight gain 37 . Since olive oil is rich in oleic acid, the suppression of octanoylated ghrelin production by oleic acid could potentially lead to a reduction in body weight gain. Stearic acid, oleic acid, linoleic acid, and α-linolenic acid suppressed octanoylated ghrelin production in AGS-GHRL8 cells. In addition, oleic acid reduced the serum concentration of octanoylated ghrelin in mice. These fatty acids are contained in many common foods and oils. Therefore, it is reasoned that those fatty acids would have a relatively high safety profile for clinical use. In future studies, we will investigate the inhibitory effects of other fatty acids on ghrelin octanoylation, as well as those of additional compounds identified using our assay system consisting of AGS-GHRL8 cells.
CONCLUSION
This study demonstrated that stearic acid, oleic acid, linoleic acid, and α-linolenic acid have inhibitory effects on octanoylated ghrelin production in AGS-GHRL8 cells. The inhibitory effect of oleic acid was strongest among the tested compounds. In addition, oleic acid decreased the serum concentration of octanoylated ghrelin in mice without affecting ghrelin gene expression in the stomach. These results suggest that oleic acid may exert inhibitory effects during post-translational octanoylation. Further studies are required to elucidate the detailed mechanism underlying the suppression of octanoylated ghrelin production by oleic acid.
